The chicken locus coeruleus contains a population of noradrenergic neurons which express the neurotrophin receptor ~75 (von Battheld and Bothwell, 1992) . To determine which neurotrophin may regulate the development of noradrenergic neurons in the chicken locus coeruleus, expression of trk receptors, retrograde transport of neurotrophins, and responses to NGF were examined. P7Bexpressing noradrenergic neurons were found to project to the basal forebrain.
They transport radio-iodinated NGF after injections into this target. The retrograde transport of NGF is specific to the noradrenergic neuronal population as evidenced by double labeling with antibodies against dopamine+-hydroxylase.
The same neuronal pop ulation expresses trkA receptor mRNA. The size of noradrenergic neurons in the locus coeruleus proper, but not in the nucleus subcoeruleus, is significantly increased after injections of NGF into the telencephalon, consistent with the hypothesis that target-derived NGF provides trophic support.
Noradrenergic coeruleus neurons are rescued from toxic effects of 6-hydroxydopamine injected into the telencephalon when NGF is injected into the midbrain. NGF has no rescue effect when it is coinjected with 6-hydroxydopamine into the telencephalon. In explant or dissociated cultures, noradrenergic coeruleus neurons do not respond to elevated levels of NGF with increased neurite outgrowth. Taken together, these results suggest that NGF plays a role in the development and maintenance of noradrenergic coeruleus neurons in the chick brain. The data also support our previous conclusion that major species differences exist between birds (chicken) and mammals with regard to trophic regulation of presumptive homologous neuronal populations.
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Several types of neurons have been characterized on the basis of morphological and functional criteria. Neurons of the "reticular type" are believed to serve integrative functions in the brain (Ramon-Moliner and Nauta, 1966; Hobson and Brazier, 1980; Mesulam et al., 1989) and are known for their remarkable regenerative capacities (Bjorklund et al., 1975) . Prototypical neurons of the reticular type are those of the locus coeruleus. The noradrenergic coeruleus projections to the forebrain have been implicated in memory processing (Kety, 1970; Stephenson, 1991) , and particularly in attentional aspects of learning (Mason, 1984) . Neuronal populations of the reticular type maintain high levels of the neurotrophin receptor ~7.5 in the mature brain, for example, the cholinergic neurons of the basal forebrain (Hefti, 1986; Thoenen et al., 1987; Olson, 1993) and the locus coeruleus (von Bartheld et al., 1991a; von Bartheld and Bothwell, 1992) . These data suggest the possibility that neurotrophic factors released by the targets elicit sprouting and plasticity of locus coeruleus neurons. Trophic factors thus may be involved in mechanisms underlying integrative functions, including synaptic plasticity and processes related to memory (Purves, 1988; Thoenen, 1991) . Recently, we have shown that noradrenergic neurons in the locus coeruleus of the posthatch chicken maintain high levels of mRNA for the neurotrophin receptor p75 (von Bartheld and Bothwell, 1992) . Most actions of the neurotrophins are mediated by a different class of receptors, tyrosine kinase receptors (trks). NGF acts selectively on trkA, brain-derived neurotrophic factor (BDNF) and neurotrophin-4 (NT-4) on trkB, and neurotrophin-3 (NT-3) on trkC. The ~75 receptors, which bind all four neurotrophins with similar affinities, may interact with the various trk receptors to enhance ligand specificity and to facilitate signal transduction (Bothwell, 1991 (Bothwell, , 1995 Chao, 1992; Meakin and Shooter, 1992) . Expression of the ~75 receptor suggests that one of the neurotrophins may serve as a trophic factor for the avian coeruleus neurons.
We now have investigated the potential neurotrophic regulation of noradrenergic coeruleus neurons in the developing chicken. We have concentrated on late embryonic stages, when targets of the locus coeruleus neurons are accessible in ovo, and up to the age of hatching when the noradrenergic locus coeruleus plays an important role in memory processing and imprinting (Davies et al., 1985) . This phenomenon has been studied extensively in hatchling chicks (Andrew, 1991; Stephenson, 1991) . The aim of the present study is to clarify if coeruleus neurons possess specific, signal-transducing receptors (trks) for neurotrophins, and to test if neurotrophins have effects on coeruleus neurons. We report that the noradrenergic population of the locus coeruleus in chicken embryos heavily expresses the trkA receptor in addition to the p75 neurotrophin receptor, and that the noradrenergic coeruleus neurons retrogradely transport radio-iodinated NGF from the basal forebrain. Administered NGF caused a significant increase in the size of noradrenergic coeruleus neurons in vivo and protected these neurons from toxic effects of 6-hydroxydopamine. These data are consistent with the hypothesis that NGF plays an important role in the development and maintenance of noradrenergic neurons in the chicken locus coeruleus.
Preliminary results of this study have been presented in abstract form von Bartheld et al., 1994b) .
Materials and Methods

Chick embryos
Fertilized chicken eggs were purchased from H&N International (Redmond, WA) or Waldens Poultry (Borje, Sweden). They were incubated in a force-draft incubator at 37-38°C and 60-70% humidity. All animals were staged according to Hamburger and Hamilton (1951) . Stages are indicated as days of incubation. A total of about 330 embryos and 3 hatched, 2 week old chicks were used.
In situ hybridization
Embryos at ages E5, E9, and El8 were frozen over liquid nitrogen and stored at -80°C until used. Serial transverse sections (10 pm) through the head or brain (E18) were cut on a cryostat and thaw mounted onto poly+lysine coated slides (50 pg/ml). The sections were air dried and stored at -80°C prior to use. To detect mRNA for trk receptors in tissue sections, synthetic oligonucleotide probes complementary to isolated chicken trkA, trkB and trkC cDNAs were used (Scandinavian Gene Synthesis, Koping, Sweden). The oligonucleotide sequence for chicken trkA is 5'-CGG ATG GCT CCT CGG CGT GAA GCT GAA AGG GTT ATC CAT GAA GCG GCC-3', corresponding to amino acid residues 376391 in the human trkA sequence (Backstrom et al., unpublished observations) . The oligonucleofide sequence for the kinase-containina chicken trkB is 5'-GGG CAG CAT GGT GTG ACC CCC AAC CCT ?+TA GTA GTC TGT GCT GTA CAC-3'. The sequence for the kinase-containing chicken trkC probe is 5'-AGC GGG TCA CCA TCA CCA CAC ACA CCA TAG AAC TTG ACG ATG TGC TCA-3' (for the non-kinase-specific trkC oligosequence and other details, see Williams et al., 1993 Williams et al., , 1994 . The oligonucleotide probes (50 ng) were labeled at the 3'-end with deoxyadenosine 5'-c@S-thiotriphosphate (Amersham, Arlington Heights, IL) using terminal deoxynucleotidyl transferase (Promega, Madison, WI) to a specific activity of approximately 1 X 10' cpm/pg. The probes were purified on Nensorb columns (Du Pont, Wilmington, DE) prior to use. Hybridization was performed at 42°C for approximately 15 hr in a humidified chamber with 100 pl of hybridization cocktail. The hybridization cocktail contained 50% formamide, 4 X SSC, 10% dextran sulfate, 0.5 mg/ml yeast tRNA, 0.06 M dithiothreitol, and 0.1 mg/ml sonicated salmon sperm DNA. As a control for the specificity, control hybridization solutions included the addition of unlabeled probe at 100X excess. In addition, controls for cross-hybridization have been performed with 100X excess of each of the other two unlabeled probes included in the hybridization solution. After hybridization, the slides were washed for 15 min in 1 X SSC and 0.05% sarcosyl, three times for 15 min each in 0.5 X SSC at 55°C and twice for 1 min each in cold, RNase-free water. The sections were dehydrated in ethanol, air dried, and coated with Kodak NTB-2 photographic emulsion. After approximately 6 weeks, the emulsion was developed and fixed and the-sections lightly counterstained with cresyl violet. Neurons labeled for trkA mRNA were counted in every fifth (E9) or sixth section (E18) and the total number was estimated by using Abercrombie's correction factor for the counting of split cells (Konigsmark, 1970) . For the calculation of the correction factor it was assumed that a labeled cell was recognized only if the cell nucleus was contained within the tissue section. Average nuclear diameters of 7.7 p,m (E9) and 10.2 pm (El 8) were assumed for these calculations, based on measurements of p75-immunolabeled coeruleus neurons in frozen sections. Labeled cells were mapped and identified according to the atlas of the chick brain (Kuenzel and Masson, 1988) . Components of the locus coeruleus complex are designated as described previously (von Bartheld and Bothwell, 1992 ; see also Figs. lA, 2A-r).
Dil-tracing
Tracing of neuronal projections was performed both in ova and postfixation. Postfixation tracing followed the protocol of von . DiI crystals were implanted in the telencephalon of E12-17 chick embryos-and the DiI was allowed to diffuse along the membranes for 10-12 months (n = 12). For double labeling with antibodies against the p75 receptor, an in viva protocol was used as follows: DiI was dissolved in 100% ethanol and injected through a window in the shell into the telencephalon of E15-19 chick embryos (n = 20) in a volume of approximately 10 (*l using 50 pl syringes. The animals were allowed to survive for 24-48 hr, and then were killed with an overdose of Nembutal and perfused intracardially with 4% paraformaldehyde in phosphate buffer (pH 7.4). The dissected brains were cryoprotected, and frozen sections were cut in the transverse plane at 25-30 pm on a cryostat. In some cases, free-floating sections (50 pm) were prepared and collected on plain glass slides for screening, and fluorescent neurons in the locus coeruleus (LoC) were photographed. Labeled coeruleus neurons were counted in every third section and mapped after staining these sections with thionin.
Sources of antibodies and neurotrophins
The monoclonal antibody M7412 (Tanaka et al., 1989) was obtained from Dr. Tanaka (Kumamoto University, Japan). This antibody was later found to be against chicken p75 receptor (H. Tanaka, personal communication). The hybridoma culture supernatant was diluted 1:2 for immunocytochemistry. Polyclonal antibodies against dopamine-B-hydroxylase (DBH) were purchased from EugeneTech (Ridgefield, NJ; lot 89A, 2012, and 8-93 ) and used at a dilution of 1:700 to 1:1400. Only lot 2012 recognized chicken DBH. Mouse NGF was prepared according to Mobley et al. (1976) . Recombinant human BDNF and NT-3 were kindly provided by Regeneron, Tarrytown, NY (courtesy of Dr. R. Lindsay).
Immunocytochemistry
Standard immunocytochemical procedures were applied on sections from either frozen or paraffin-embedded brains. Endogenous peroxidases were inactivated by 0.3% hydrogen peroxide in methanol. The p75 antibody recognized the antigen only in frozen sections, and superior labeling was obtained in sections-processed free-floating. The DBH antibody was successfully applied in paraffin-embedded tissue (10 pm sections) and required pretreatment with trypsin (1 mglml, Towle et al., 1984) . Secondary antibodies were biotinylated horse anti-mouse IgG (1:500, Vector Labs. Burlingame. CA) for the monoclonal antibodv. and goat anti-rabbit IgG (1:50<, Jackson' Immunoresearch Labs, West Grove, PA) for the polyclonals. All sections were incubated with horseradish peroxidase-conjugated streptavidin (1:500, Zymed Labs, South San Francisco, CA) and peroxidase activity was visualized with 0.05% diaminobenzidine in Tris-HCl (pH 7.6) and hydrogen peroxide (0.0015%).
Zodination and injection of neurotrophins, processing for autoradiography, and quanti$cation
The neurotrophins NGE BDNE and NT-3 were radio-iodinated with lzsI using the lactoperoxidase technique (Sutter et al., 1979) . The labeled neurotrophins had specific activities of 56.1-112 cpm/pg (NGF), 83.6-124 cpmlpg (BDNF), and 73.9-l 14 cpm/pg (NT-3), and they were used within 5 weeks after iodination. Typically, 12SI-neurotrophins were injected into the telencephalon in a volume of l-2 pl (1 X lo6 cpm) using Hamilton syringes, and the embryos were allowed to survive for 18-20 hr. They were anesthetized with Nembutal and perfusion fixed with 4% paraformaldehyde. The dissected brains were dehydrated for paraffin embedding. The amount of radioactivity in the dehydrated brains was measured in a gamma counter (Gamma 5500, Beckman). In Figure I . Normal anatomy of the coeruleus system and expression of trkA mRNA in 18 d old chick embryos (E18). A, Location of the locus successful cases, the injected brains contained 15,000-200,000 cpm. Thirteen brains were selected for further processing (NGE n = 5; BDNF, IZ = 6; NT-3, n = 2). The brains were sectioned (10 pm) and processed for autoradiography. Sections were coated with NTB emulsion (Kodak) and exposed for 2-6 weeks at 4°C. The relative intensity of labeling in the locus coeruleus complex was quantified by counting silver grains over neurons. In one series, grains were counted in every fifth section over every DBH-labeled neuron with a clearly identifiable nucleus. A grain-frequency profile was established for the LoC, the nucleus subcoeruleus (SC), and the nucleus linearis caudalis (nLC) as a control. Because of the relatively small number of neurons in SC, we did not distinguish between the SC and the caudal part of the SC (SCc, von Bartheld and Bothwell, 1992) . The average number of grains/neuron was calculated for the LoC, SC, and nLC. In cases with double labeling (n = 3), sections were processed for DBH immunocytochemistry prior to autoradiography.
In vitro experiments Explant cultures. Six chick embryos of 15 d of incubation (E15) were decapitated, the brainstems sliced (Masuko et al., 1986 ) and the LoC was dissected using tungsten needles. Explants of 0.5-1.0 mm were embedded in collagen gel. The medium was DMEMIF12 (l:l, GIBCO, Grand Island, NY) with 5% normal horse serum with or without 100 rig/ml NGE Medium (and NGF) were changed at day 3. Explants were maintained up to 6 d and neurite outgrowth was compared.
Dissociated neurons from locus coeruleus. Tissues containing El2 LoC were collected in Hanks' balanced salt solution (HBSS), and incubated in 0.25% trypsin in Ca2+, Mg2+-free HBSS at 37'C for 20-30 min. LoC neurons were easily damaged and required careful trituration. After dissociation, cells were plated at a density of 5 X 10409.6 mm* on coverslips coated with poly+omithine (25 kg/ml) and fibronectin (20 y&/ml) and cultured in Neurobasal medium (supplemented with B27, GIBCO, Grand Island, NY) with or without 50 rig/ml NGF or 10 rig/ml BDNE Cultures were fixed with 4% parafonnaldehyde after 54 hr and processed for immunocytochemistry with DBH antibody (1:lOOO) as described above (omitting treatment with trypsin). The yield of DBH-labeled neurons was typically about 250 neurons/50,000 plated cells. In total, 31 cultures were prepared and 19 were used for detailed analysis.
Injections of NGF in vivo
Twenty-two chick embryos at 18 d of incubation were injected in the telencephalon with NGF (600 or 1200 ng, together with approximately 4000 cpm of lZ51-NGF). Control embryos were injected with 600 or 1200 ng cytochrome C and 4000 cpm of 'ZJI-cytochrome C. Embryos were allowed to survive for 54 hr and then were anesthetized, perfused, and fixed with 4% paraformaldehyde. The radioactivity in the fore-and hindbrains was measured separately in a gamma counter, and the brains were embedded in paraffin. Brains injected with NGF or cytochrome C were "paired" according to radioactivity counts (to verify comparability of the injections) and every seventh section through the LoC regions of the paired brains was collected adjacent to the other on slides and processed for DBH immunocytochemistry as described above. One or two sets of slides were prepared with paired sections from each brain and processed independently for DBH immunocytochemistry. In five series of sections from each treatment group (paired according to the radioactive counts) the size of the nucleus of each DBH-labeled neuron in the LoC was measured, provided that the nucleus was entirely visible. The same measurements were performed for the SC. Again, because of the relatively small number of neurons in the SC, we did not distinguish between the SC and the SCc (von Bartheld and Bothwell, 1992) for quantitative studies. All sections were coded to prevent examiner bias. The mean of the nuclear Photomicrograph (lower left) shows a DiI-labeled neuron in the LoC. Scale bar, 10 pm. Other abbreviations: ION, isthmo-optic nucleus; LLL nucleus lemnisci lateralis pars intermedia; n&V, nucleus sensorius principalis nervi trigemini; Pr, nucleus pontis lateralis; PM, nucleus pontis medialis; SLu, nucleus semilunaris. diameters was calculated and compared between the treatment groups by t test. In addition, the intensity of DBH immunoreactivity was compared blind as to treatment.
In twenty chick embryos, 150 )*g of 6-hydroxydopamine (6-OHDA, freshly prepared in phosphate buffer) was coinjected into the telencephalon with either 600 ng of NGF or cytochrome C in a volume of about 6 ~1. In 14 embryos, 150 (*g of 6-OHDA was injected into the telencephalon and 600 ng NGF was injected into the midbrain. The volumes and doses are similar to those used previously (Ungerstedt, 1971) . Y-Cytochrome C (2000 cpm) was coinjected as a marker to verify successful injections and to allow us to estimate the effectively administered doses. The effective dose was calculated according to the formula E = r/t X d, where E is the effective dose of 6-OHDA, r is the amount of radioactivity remaining in the forebrain at the time of sacrifice, t is the total radioactivity injected, and d is the total dose of 6-OHDA that was injected. Usually, the effective dose of 6-OHDA in the forebrain was estimated to be 8-16 pg. The animals were allowed to survive for 54 hr, and selected pairs (+NGF/+cytochrome C), matched for their radioactivity in the forebrain, were processed for DBH immunocytochemistry as described above. The number of DBH-labeled neurons with a clearly visible nucleus was counted in every seventh section and the total number of labeled neurons was estimated according to Abercrombie's formula (Konigsmark, 1970) . In addition, the size of the nucleus of DBH-labeled coeruleus neurons was measured, averaged, and compared for the LoC and the SC (including the Xc). Sections were analyzed blind as to treatment.
Results
Expression of trk mRNAs in neurons of the locus coeruleus (LOC)
Expression of the ~75 receptor in LoC neurons suggests that these neurons are affected by a neurotrophin but it does not allow one to distinguish which of the neurotrophins may regulate these neurons. To determine which of the signal-transducing neurotrophin receptors are expressed in noradrenergic coeruleus neurons, sections through E5, E9, and El8 locus coeruleus were hybridized with probes for trk receptors. For trkl3 and trkC transcripts, which exist in forms encoding a tyrosine kinase domain as well as truncated forms lacking this domain, probes were applied which selectively identify the kinase-specific forms in addition to probes which do not distinguish between the two forms.
There was no evident expression of trkA mRNA within the developing LoC region at E5. At E9, trkA mRNA was heavily expressed with 819 & 24 (SD, n = 2) labeled neurons in the LoC on each side. The degree of expression remained similarly intense at E18, the oldest age examined (Fig. lA-D) . At E18, the LoC contained 861 * 118 (standard deviation, n = 4) trkAexpressing neurons on each side. The labeled neurons occupied a discrete region primarily within the lateral margins of the cauda1 LoC. No trkA mRNA labeling was seen in the more medially positioned neurons in the caudal region. A smaller number of intensely labeled neurons was observed within the nucleus subcoeruleus (SC) with 85.3 + 9.8 neurons (? SD, n = 4), excluding the caudalmost part of the nucleus subcoeruleus (SCc). Although the intensity of the labeling for trkA mRNA and the percentage of the labeled neurons within the LoC was high at both E9 and E18, it was evident that these neurons comprised only a subpopulation of the entire LoC, since a considerable number of neurons remained unlabeled (Fig. 10) . Because there were no obvious differences in the degree of labeling between individual labeled neurons (in that all neurons which expressed trkA mRNA were labeled very intensely), it is unlikely that those neurons which were considered unlabeled expressed significant, but undetected, levels of trkA mRNA. The number and pattern of distribution of trkA neurons matches the number and distribution of DBH-or p75-labeled neurons in the LoC and the SC (von Bartheld and Bothwell, 1992) .
Neurons within the coeruleus complex were lightly labeled with both the kinase-specific and nonspecific trkB probes. Labeling intensity was approximately half that of the t&&expressing neurons. TrkB-labeled neurons were located throughout the SC, both rostrally and caudally, but only caudally in the LoC, extending to the most caudal boundaries. T&B-expressing neurons were generally situated more medially than those labeled for t&A. Neurons seem to express the kinase-containing isoform, since the probe which detects both forms of the receptor labeled both neurons and glial cells while the labeling with the kinase-specific probe was only seen in the neurons. This is consistent with previous reports of expression of truncated t&B receptor in glial cells (Friskn et al., 1993) . The percentage of t&B-labeled neurons was not specifically determined, although a subjective assessment established that they were fewer in number than the t&.&labeled neurons. Light labeling for trkC mRNA (with both the kinasespecific and the nonspecific probe) was found in the medial parts of SC both rostrally and caudally. Expression of trkC was not evident in glial cells with either trkC probe. Neurons in the medial part of the caudal LoC were lightly labeled; they were situated more medially than the trkA-expression neurons.
Projections of locus coeruleus neurons visualized by the tracer DiI
The telencephalon is a major target region of locus coeruleus efferents in mammals (Loughlin et al., 1986a,b) and in birds (Tohyama et al., 1974; Kitt and Brauth, 1986) . To determine if locus coeruleus neurons project to the forebrain in chicken, the fluorescent tracer DiI was injected into the telencephalon of 15-18 d old chick embryos (E15-18) in vivo. Many neurons were labeled in the locus coeruleus complex when the injection site included the basal forebrain, up to 800 in the locus coeruleus (LoC, Fig. 2A-I ) and 240 in the SC at E17. In these cases, many neurons were also labeled in the region medial to the LoC as well as in the nucleus linearis caudalis (nLC) and Raphe nucleus, known to contain serotonergic neurons (DubC and Parent, 1981) . Neurons were labeled in the SC only when the injection site encroached into the diencephalon and was not restricted to the telencephalon. Very few neurons were labeled in the LoC when the injection site was localized to cortical regions of the telencephalon. To confirm the lack of projections from the embryonic LoC to cortical regions, the telencephalic cortex of fixed embryonic brains (E12-17) was filled with DiI crystals and the tracer was allowed to diffuse for 12 months. In these cases, many neurons were labeled in the tegmentum, in particular in the nucleus mesencephalicus profundus, pars ventralis (MPv), but only occasional neurons were labeled in the LoC. Neurons in the MPv could be labeled as early as El2 (data not shown).
p7S immunocytochemistry
The noradrenergic subpopulation in the chicken locus coeruleus expresses mRNA for the neurotrophin receptor ~75 (von Bartheld and Bothwell, 1992) . To determine if these neurons express the ~75 receptor protein and to establish a marker for these neurons in double-labeling studies, we used antibody M7412 against chicken ~75 (courtesy of Dr. H. Tanaka). Processing of sections on the slide rendered only faint labeling of neurons (data not shown). When applied to free-floating sections, robust labeling was seen throughout the noradrenergic parts of the locus coeruleus complex (LoC and SC, Fig. 3A ) which are known to express ~75 mRNA. The neurons are large, multipolar and the dendritic processes contain ~75 protein (Fig. 3B) . The p75-labeled neurons showed the same characteristic morphology as the catecholamine-fluorescent or DBH-labeled neurons (Guglielmone and Panzica, 1982; von Bartheld and Bothwell, 1992) . Three main fiber bundles originate in LoC and SC which are heavily p75-labeled; one is a commissural tract at the rostra1 level of the LoC (Fig. 3C) , the other is an ascending fiber tract in the mesencephalic tegmentum, and the third is a tract that turns dorsally and presumably projects into the cerebellum (data not shown). Commissural fiber systems of the chicken LoC thus resemble those of mammals (Moore and Bloom, 1979) . The p75-labeled fibers are relatively thick with diameters that range between about 0.5 and 1 .O pm. P75 was strongly expressed in cell bodies and processes also at P14 (data not shown).
Double labeling with DiI and ~75 immunocytochemistry
To determine if coeruleus neurons with projections to the basal forebrain are noradrenergic, double-labeling experiments were performed. We could not use the DBH-antibody for double la-Dil injection site Figure 3 . Immunolabeling for the neurotropbin receptor ~7.5 in the locus coeruleus complex of 18 d old chick embryos (E18). A, Labeled neurons form a distinct subpopulation in the locus coeruleus (LoC) and nucleus subcoeruleus (SC). B, P75 protein is expressed in the soma as well as processes. C, P75-labeled fibers originating from the LoC and SC cross the midline at rostra1 levels of the LoC. D, Drawing shows the site of injection of DiI in two transverse sections through the telencephalon in a case with double labeling of LoC neurons with ~75 (Z?, F). E and F, Double labeling of ~75 immunoreactive neurons in the locus coeruleus with the fluorescent tracer DiI after injections into the basal forebrain. E shows D&label; F shows ~75 immunoreactivity in nearly all of the DiI-labeled neurons. The large majority of DiI-labeled neurons express ~75. Scale bars: A, 500 pm; B, C, E, and F, 20 pm.
beling with DiI, because this antibody does not recognize the antigen in frozen sections. Therefore, we used the p75 antibody as a marker for the noradrenergic neurons. Following injections of DiI into the basal telencephalon of E16-18 chick embryos in vivo (Fig. 3D) , as described above, fluorescent neurons in the LoC were photographed. The same sections were processed freefloating with ~75 antibody. For technical reasons, double labeling was analyzed only in the LoC, but not in the SC. Three embryos with fortunate injection sites were studied in detail. Many DiI-labeled neurons in the LoC were double labeled with p75 antibody (Fig. 3&F) . Only a few p75immunoreactive neurons were not DiI labeled. We conclude that many, if not all, noradrenergic, p75expressing neurons in the LoC project to the basal forebrain in the chick embryo. This conclusion is further supported by experiments with injections of lz51-NGF and 6-hydroxydopamine (see below). 
Retrograde transport of '251-labeled neurotrophins to the LoC
The ability to internalize and retrogradely transport neurotrophins generally correlates with the capacity for functional responses to neurotrophins. To test if locus coeruleus neurons may internalize and retrogradely transport NGE BDNE or NT-3, these neurotrophins were radio-iodinated and injected into the basal forebrain of 14-15 d old chicken embryos. Increased autoradiographic grain densities were consistently detected in the LoC after injections of lZ51-NGF (Fig. 4&C ), but not after injections of rZ51-BDNF (Fig. 4A ) or lz51-NT-3. Grain counts over Nissl-stained coeruleus cells showed that many, but not all neurons in the LoC were labeled, with an average of 6.3 + 0.4 (SEM) grains/neuron. A control nucleus, the nucleus linearis caudalis (nLC), averaged 1.0 + 0.1 grains/neuron (Figs. 4C,D,  SD) . Retrograde transport of NGF could be detected with as little as 0.1 ng of lz51-NGF (13,500 cpm) in the brain; with 10 times higher amounts of radio-labeled BDNF in the brain (120,000-220,000 cpm) only relatively sparse label was detected over neurons in the LoC (Fig. 4A) . The same batch of 1251-BDNF was transported efficiently by other neuronal populations in the chick brain (von Bartheld et al,, , 1994a ). The grain density over LoC neurons was not increased above background after injections of lZ51-NT-3. In one case of BDNF-injections that included some parts of the optic tectum, a small number of neurons in the region rostra1 and medial to the LoC was heavily labeled (data not shown). The distribution of neurons with heavy accumulation of BDNF did not overlap with the noradrenergic population, but may correspond to t&B-expressing neurons (Johnson et al., 1993) .
ported by coeruleus neurons with other transmitter phenotypes, lZ51-NGF was injected into the basal forebrain (Fig. 5) and, after sacrifice, series containing every 4th and 5th section through the locus coeruleus Were processed for DBH immunocytochemistry prior to autoradiography. Accumulation of silver grains was entirely restricted to DBH-labeled neurons in the immunolabeled sections (Fig. 5B) . The majority of DBH-positive neurons was radioactively labeled; there was no accumulation of silver grains over neurons lacking DBH label. In one of three cases that were analyzed in detail, grain counts averaged 10.3 ? 0.3 (SEM) grains/neuron over DBH-labeled neurons in the LoC, compared with 0.7 1-0.2 (SEM) grains/neuron over control (nLC) neurons (Fig. 5C,D) . There was only a slightly lower number of heavily labeled neurons on the side contralateral to the injection, possibly indicating bilateral projections. Some DBH-labeled neurons in the SC were labeled significantly above background, but they were few in number and less heavily labeled than those in the LoC (Fig. 5C) . Grain counts over SC neurons averaged 5.4 * 0.4 (SEM) (Fig. 5C,D) . The SC neurons therefore seem to contribute to a minor extent to the noradrenergic projections to the forebrain (see also below). Likewise, a small, medially located cluster of DBH-positive neurons appeared to transport lZ51-NGF only marginally above background. The lightly labeled neurons may not project into the injection site, but may have taken up Y-NGF that diffused from the injection site.
Effects of NGF on neurite outgrowth, arborization and DBH expression in vitro
Retrograde transport of NGF to DBH-labeled coeruleus neurons To determine if the retrograde transport of radio-iodinated NGF is specific for the noradrenergic neurons, or if it is also transArborization of noradrenergic coeruleus neurons is believed to occur between El0 and El7 in chick embryos (Singer et al., 1980) . To test if NGF may improve neurite outgrowth in vitro, explant cultures and dissociated neurons from the LoC were treated with NGE NGF had no consistent effect on the promo- tion of neurite outgrowth from El5 LoC explants (data not shown). In dissociated cell cultures from El2 LoC, the number of DBH-labeled neurons was not increased after 54 hr with NGE and the cell size, number of processes, length of processes and amount of arborization of DBH-labeled neurons did not appear to be significantly increased compared to control cultures (Fig.  6A,B) . Neither was the intensity of DBH label increased in the NGF-treated cultures compared with controls (Fig. 6A,B) . ergic LoC neurons were larger in average than those in control animals (Fig. 7A,B) . The increase in the size of the nucleus was quantified in the LoC and in the SC by measuring the diameter of DBH-labeled coeruleus neurons (Table 1 ). The average nuclear diameters in the LoC increased from 7.93 ? 1.81 (SD, II = 304) to 9.08 _+ 1.71 (n = 352, Fig. 7C ). The increase in the nuclear size of noradrenergic LoC neurons is statistically significant @ < 0.0005, t test). There was no increase, but rather a slight decrease in the average size of the nuclei of DBH-labeled neurons in the SC after injections of NGF into the telencephalon, from 8.88 ? 1.39 (SD, n = 278) to 8.43 + 1.28 (n = 159, Fig. 70 ). The intensity of DBH label in LoC neurons was not consistently increased after treatment with NGF (Fig.  7A, B) .
Effects of 6hydroqdopamine and NGF on DBH-labeled coeruleus neurons NGF protects noradrenergic sympathetic neurons from the toxic effects of 6-hydroxydopamine (6-OHDA, Levi-Montalcini et al., 1975) . To test if NGF may protect noradrenergic coeruleus neurons, the forebrains of El7 embryos were injected with 150 Fg of 6-OHDA, and either the forebrain or the midbrain was injected with NGF or cytochrome C. To verify the injections into the forebrain, 1251-labeled cytochrome C was coinjected with the 6-OHDA and the amount of radioactivity was measured post mortem. This allowed us to estimate the effective doses and to pair similarly successful injections. There was no significant effect of cytochrome C injections on the number or size of DBHlabeled neurons in the LoC or SC. An effective dose of 8-16 p,g of 6-OHDA in the forebrain decreased the number of DBH labeled neurons in the LoC by about 30-70% (Fig. 8D ), but not in the SC which does not have major projections to the telencephalon. While DBH-labeled neurons in the ventral SC consistently appeared normal, in two cases (in which 75-90% of DBHlabeled neurons were lost in the LoC) most of the remaining neurons in the LoC and some neurons in the dorsal SC were smaller in size or pyknotic (data not shown).
The noradrenergic coeruleus neurons remained intact despite 6-OHDA treatment when NGF was injected at the same time as 6-OHDA, but into a different target of the LoC within the brain (Fig. 8A-C) . Counts of the noradrenergic neurons in the LoC showed that NGF rescued a large number of these neurons from the toxic effects of 6-OHDA, with increases of about 100% compared with controls (=cases with 6-OHDA only or NGF coinjetted into the "poisoned" telencephalon, Fig. 8D ). Coinjection of 6-OHDA and NGF in the telencephalon appeared to kill more LoC neurons than injection of 6-OHDA alone (Fig. SD) , although this effect was not statistically significant. By contrast, when NGF was injected into the midbrain (n = 4), another target of the avian LoC (Rodman and Karten, 1991) , it had a significant protective effect on noradrenergic neurons (p < 0.05, when compared with the combined groups, 6-OHDA only and 6-OHDA + NGF in the telencephalon, n = 6). The effect of NGF is likely direct, via binding of NGF to trkA-expressing LoC neurons or to their collaterals in the optic tectum (Rodman and Karten, 1991) , because LoC neurons are the only cells in the brain with significant trkA expression. The protective effect of NGF was further quantified by measuring the diameter of DBHlabeled neurons. Neurons in the LoC treated with 6-OHDA had nuclei with significantly larger diameters when NGF was injected into the midbrain than those of neurons from animals treated with 6-OHDA alone (Fig. 8E) . Coinjection of NGF with the toxin into the same target did not counteract the detrimental effects of 6-OHDA on DBH-labeled neurons (Fig. 8D,E) , possibly because the axonal processes of LoC neurons eventually degenerated in the forebrain due to the toxic effects of 6-OHDA and therefore could not transport and mediate the trophic signal of NGF to the cell bodies in the LoC.
Discussion
Evidence for the expression of functional NGF receptors in the locus coeruleus The distribution and number of trkA-expressing neurons in the locus coeruleus (LoC) are strikingly similar to those revealed with antibodies against DBH or p75 (von Bartheld and Bothwell, 1992) . It is obvious that the large majority of, if not all, coeruleus neurons with expression of NGF receptors are noradrenergic. Both types of NGF receptors are expressed at remarkably high levels. Levels of expression of trkA and p75 in the LoC exceed those of all other neuronal populations in the chicken CNS (present study; von Bartheld et al., 1991a) .
Target structures of the LoC in the chicken CNS include the telencephalon, the optic tectum, the cerebellum and the brainstem (Mugnaini and Dahl, 1975; Singer et al., 1980; Yurkewicz et al., 198 1 b; present study) . These regions express NGF mRNA in the developing chick (Ebendal et al., 1986; Large et al., 1989) , but the specific cell populations responsible for the detected expression remain to be identified. The basal telencephalon contains larger amounts of NGF mRNA than the cortical regions, and levels increase in the basal telencephalon and diencephalon from El3 to Pl (Large et al., 1989) . In the PNS, expression of NGF correlates with the density of innervation by NGF-responsive sympathetic neurons (Korsching and Thoenen, 1983; Ebenda1 et al., 1986 ). It will be interesting to determine which neuronal populations in the CNS express NGF and to examine if NGF production correlates with the extent of innervation from the noradrenergic LoC. Internalization of neurotrophins is believed to require highaffinity binding of the ligands (Bernd and Greene, 1984; Meakin and Shooter, 1992) . High affinity binding sites for NGF have either been ascribed to trkA receptors (Klein et al., 1991) or to the result of interactions between p75 and trkA receptors (Hempstead et al., 1991) . The noradrenergic neurons in the chick LoC express both p75 and trkA receptors. It is therefore surprising that NGF does not appear to bind with high affinity to the LoC in chick embryos (Raivich et al., 1987) . Immunocytochemical data with p75 antibodies (Fig. 2B ) and preliminary data with trkA antibodies indicate that these receptors are present in the cell bodies as well as in neurites, ruling out the possibility that the receptors may be targeted selectively to the neurites as it occurs in some other neuronal populations with ~7.5 receptors (von Bartheld et al., 1991b) . Moreover, noradrenergic LoC neurons internalize and transport NGF retrogradely after injections into the forebrain (Figs. 4, 5) . The heterogeneity of neuronal populations in the chicken locus coeruleus complex with regard to transmitter phenotypes (von Bartheld and Bothwell, 1992) appears to be reflected by heterogeneity in the expression of neurotrophin receptors, retrograde transport of neurotrophins, and efferent projections.
Effects of NGF on noradrenergic neurons in the CNS and comparison with the PNS The noradrenergic neurons in the CNS develop precociously (Lauder and Bloom, 1974; Yurkewicz et al., 198 la; von Bartheld and Bothwell, 1992) . At E6, the noradrenergic phenotype is already expressed (von Bartheld and Bothwell, 1992) , and trkA expression becomes evident between ES and E9 (present study). The number of trkA-expressing, presumptive noradrenergic neurons does not seem to decrease during development in chick embryos. Thus, there is no indication that a fraction of initially noradrenergic CNS neurons subsequently becomes cholinergic, as it occurs in sympathetic PNS neurons (Landis, 1990) . Also, the onset of trkA receptor expression (between E5 and E9) and the appearance of DBH label (prior to E6, von Bartheld and Bothwell, 1992) do not suggest that NGF induces the noradrenergic phenotype in chick coeruleus neurons.
The expression of high affinity binding sites is generally assumed to indicate that the corresponding neurotrophin acts as a survival factor (but see Dechant et al., 1993) . However, trkA does not seem to be necessary for the survival of NGF-responsive cholinergic forebrain neurons in mammals (Smeyne et al., 1994) . There is no evidence for developmental cell death in LoC neurons (Cowan et al., 1984; von Bartheld and Bothwell, 1992) , but many neuronal populations of the reticular type, including the LoC, are affected by degenerative brain diseases (Bondareff et al., 1982; German et al., 1992) which may involve trophic mechanisms (Appel, 1981; Saper et al., 1987) . Consistent with the view that neurotrophins play a role in the maintenance of coeruleus neurons is our finding that NGF protects noradrenergic neurons in the chicken LoC against the action of a neurotoxin and the recent report that NT-3 similarly prevents the degeneration of neurons in the mammalian LoC (Arenas and Persson, 1994) .
In the PNS, NGF affects several aspects of development, maturation and maintenance of noradrenergic neurons, including neurite outgrowth, hypertrophy, and increases in the activity of tyrosine hydroxylase and DBH (Levi-Montalcini and Cohen, 1956, 1960; Thoenen et al., 1971; Campenot, 1982) . The effect of NGF on peripheral neurons is not restricted to the developmental period: NGF can change levels of neuropeptides in the adult (Lindsay and Harmar, 1989) as well as in the embryo (Hayashi et al., 1985) . Consistent with the finding that systemically administered NGF induces hypertrophy of trkA-expressing neurons in the rodent CNS (Holtzman et al., 1994) , we demonstrate a substantial increase in the cell size and nuclear size of DBH-labeled neurons in the LoC of chick embryos after injection of NGF into the telencephalon in vivo. These experiments provide direct evidence that increased levels of NGF in the target are sufficient to induce hypertrophy of developing neurons, a result that supports the neurotrophic hypothesis (Purves, 1988) . Systemic injections of NGF protect catecholaminergic neurons in the PNS from some of the toxic effects of 6-hydroxydopamine (6-OHDA, Levi-Montalcini, 1974; Levi-Montalcini et al., 1975) . Consistent with this finding, we show that NGF protects noradrenergic coeruleus neurons when NGF is administered to a different target of the LoC (the optic tectum, Rodman and Karten, 1991) than the toxin.
We did not observe effects of NGF on DBH-labeled neurons from the chick LoC in vitro. This may be due to technical reasons: glial cells express NGF in vitro (Lindsay, 1979; Lu et al., 1991) which may stimulate noradrenergic neurons maximally, thereby obscuring effects of exogenous NGE Alternatively, the in vitro situation may not adequately reflect the in vivo situation (Oppenheim et al., 1991) .
Noradrenergic innervation of the forebrain in birds: a role for NGF in synaptic plasticity? The noradrenergic innervation of the forebrain is of particular interest because of the involvement of the telencephalon in learning, imprinting, and memory processing (Kety, 1970; Mason, 1984; Davies et al., 1985; Gordon et al., 1988; Stephenson, 1991) . Noradrenaline has been implicated in mechanisms of plasticity and certain forms of memory processing (Foote et al., 1983; Mason, 1984) . The noradrenergic neurons display a con- Figure   9 . Species differences in the trophic phenotypes of reticular CNS neurons in birds (chicken) and mammals. Noradrenergic coeruleus neurons (LoC) are the main NGF-dependent reticular system in the avian CNS, whereas cholinergic basal forebrain (CBF) neurons are the main NGF-dependent reticular system in the mammalian CNS. While the LoC in birds and the CBF in mammals apparently are regulated by the same trophic factor (NGF), this does not imply that the two nuclei necessarily perform the same function in the two classes of vertebrates. siderable degree of plasticity; sprouting and axon elaboration have been shown in the mature brain following lesions or external stimulation (Nakamura and Sakaguchi, 1990) . Since levels of mRNA for trophic factors can increase dramatically as a result of stimulation (Zafra et al., 1990; Patterson et al., 1992) noradrenergic LoC neurons may react to local activity and release of neurotrophins by target neurons with increased sprouting and/or release of noradrenaline. In the telencephalon of chicks, levels of noradrenaline increase during the first days after hatching (Davies et al., 1983) . In support of the view that NGF may be involved in processes related to memory (Barde, 1989; Thoenen, 1991) , we have shown that both classes of NGF receptors, ~75 and trkA, are expressed in the noradrenergic coeruleus population, and that target-derived NGF increases the size of neurons which express DBH, the rate-limiting enzyme in the synthesis of noradrenaline.
Trophic phenotype of the noradrenergic LoC: evidence for evolutionary divergence In mammals, the noradrenergic neurons in the LoC do not transport NGF (Schwab et al., 1979) these neurons normally do not express ~75 receptors (Koh et al., 1989; Pioro and Cuello, 1990) or trkA receptors (D.M. Holtzman, personal communication) , and the intact nucleus does not respond to NGF (Konkol et al., 1978; Olson et al., 1979; Dreyfus et al., 1980; Whittemore and Seiger, 1987; Arenas and Persson, 1994) . Ironically, the LoC was initially expected to be the most likely NGF-responsive nu-cleus in the CNS because of its transmitter phenotype which is identical to that of the NGF-dependent sympathetic ganglia of the PNS Freed, 1976; Schwab et al., 1979) . The earliest studies on the effects of NGF in the mammalian CNS indeed reported that the lesioned LoC responded to NGF (Bjbrklund and Stenevi, 1972; Bjerre et al., 1973 Bjerre et al., , 1974 Stenevi et al., 1974) .
Our study establishes a major species difference between birds and mammals in the trophic phenotype of noradrenergic coeruleus neurons. In chicken, noradrenergic LoC neurons express trkA and p75 receptors, and these neurons transport NGF and respond to NGF; the homologous neurons in mammals express trkC receptors and respond to NT-3 (Merlio et al., 1992; Friedman et al., 1993; Arenas and Persson, 1994) . In contrast, a different reticular nucleus in the mammalian brain, the cholinergic basal forebrain, expresses trkA and p75 receptors and is NGF dependent, whereas the presumptive homologous population in the chicken basal telencephalon does not express p75 or trkA, but rather expresses the fibroblast growth factor receptor 1 (Heuer et al., 1990; von Bartheld and Bothwell, 1992) (Fig.  9 ). These trophic differences may reflect species differences in the development (Landis, 1988) and the evolutionary history of cholinergic and catecholaminergic systems (Parent et al., 1984) . Our studies indicate that trophic properties of neurons may be quite "plastic" on a phylogenetic time scale (Ebendal, 1992) . The apparent differences in expression of trophic receptors remind us that trophic requirements of neuronal populations can not be extrapolated across species.
